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The extracellular matrix surrounding Xenopus laevis eggs includes three morphologically distinct jelly layers designated
J1, J2, and J3 from the innermost to outermost. Previously, using the quick-freeze, deep-etch, rotary-shadow technique,
we found that each layer has a unique ®brillogranular ultrastructure. In this study, we show that the ®brillar network is
composed of high-molecular-weight glycoconjugates, while the globular material consists of low-molecular-weight proteins
some of which are released into the aqueous medium. Analysis by SDS±PAGE and differential staining of individually
dissected jelly layers shows that both J1 and J2 contain three high-molecular-weight, acidic, Alcian blue-staining compo-
nents (450, 630, and 900 kDa), while J3 contains two high-molecular-weight components that stain with PAS but not with
Alcian blue. Each jelly layer also contains low-molecular-weight proteins from 75 to 250 kDa that do not stain with PAS
or Alcian blue. Chromatography of whole egg jelly on a Sephacryl 500 column resulted in isolation of the major Alcian
blue staining band (630 kDa) which eluted ®rst, and two PAS staining bands which eluted second. Rotary-shadowing
demonstrated that these high-molecular-weight glycoconjugates are long and branched, suggesting that they are major
constituents of the jelly ®ber network. SDS±PAGE analysis shows that these networks are stable for at least 16 hr after
eggs are oviposited. In contrast, the low-molecular-weight globular proteins which constitute 30% of the total jelly protein
are steadily released into the surrounding medium. q 1996 Academic Press, Inc.
INTRODUCTION tion (Katagiri, 1987; Elinson, 1974; Brun and Kobel, 1977),
the induction of the acrosome reaction (Del Pino, 1973),
and the blocking of polyspermy (Del Pino, 1973).The extracellular matrix of the amphibian egg includes
Despite these important biological functions, frog eggmultiple jelly layers, which are deposited around the eggs
jelly has not been well characterized either structurally oras they traverse the oviducts (Good and Daniel, 1943;
biochemically. In general, extracellular matrices consist ofAplington, 1957; Glick and Shaver, 1963; Yoshizaki, 1985).
highly hydrated, negatively charged polymers. Examples in-Each layer has a unique composition and morphology which
clude gels formed by proteoglycan aggregates which havecan vary widely between species (Salthe, 1963; Yurewicz et
glycosaminoglycan side chains composed of repeatingal., 1975; Hedrick and Nishihara, 1991). Interest in these
acidic disaccharides (Hunziker and Schenk, 1987). The jellyoviductally derived investments has centered on their oblig-
layers surrounding vertebrate and invertebrate eggs exhibitatory participation in the early events of fertilization (Wolf
similar characteristics. For example, the jelly layer of theand Hedrick, 1971b; Raisman and Cabada, 1977; Yoshizaki
sea urchin egg is a highly charged matrix consisting largelyand Katagiri, 1982). This conclusion is based on the observa-
of a fucan sulfate polymer. Bound to this matrix are biologi-tion that while dejellied eggs exposed to sperm exhibit a
cally active components, such as chemoattractant peptidesvery low degree of fertilizability, this de®cit can be reversed
and acrosome reaction-inducing glycoproteins (Suzuki,in the presence of solubilized jelly. However, attempts at
1990; Keller and Vacquier, 1994; Bonnell et al., 1994a).determining which layers of the jelly coat are indispensable
Xenopus laevis egg jelly appears to follow a similar struc-for fertilization have been inconclusive (see Katagiri, 1987,
tural pattern. Deep-etch, rotary-shadow electron micros-for review). Biological roles attributed to egg jelly in previ-
ous studies include the prevention of species cross-fertiliza- copy suggests that each jelly layer consists of a ®ber net-
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and 1 mM CaCl, pH 7.6 (Bluemink, 1972). Fixed eggs were thenwork to which are bound globular components (Bonnell and
washed three times for 0.5 hrs in distilled H2O with a ®nal washChandler, 1993). To what extent each of these structural
in 15% methanol at room temperature. Single eggs were quick-components might contribute to successful fertilization has
frozen on a liquid nitrogen-cooled copper block using a CF 100not yet been determined. Some interesting clues come from
cryo®xation unit (LifeCell Corp., The Woodlands, TX). Samplesstructural studies suggesting that freshly shed eggs exude
were fractured and etched for 7 to 8 min at 0957C at a pressure of
so-called ``diffusible factors'' into the surrounding medium. 21 1006 mbar in a Balzers 400D Freeze±Etch Unit (Balzers Corp.,
In the case of Bufo arenarum and Bufo japoniconus, it has Nashua, NH); samples were then rotary-replicated with Pt at a 257
been reported that the fertilization-inducing activities of angle and with C at a 757 angle. Replicas were cleaned with sodium
jelly reside in the ``diffusible'' material (Barbieri and Vil- hypochlorite, rinsed in distilled water, and ¯oated onto 300 mesh
copper grids. Replicas were viewed on a Philips CM12S microscopelecco, 1966; Barbieri and Raisman, 1969; Elinson, 1971; Bar-
at 80 kV.bieri and Oterino, 1972; Katagiri, 1973). It has also been
suggested that both ``stable'' and diffusible factors are in-
volved in B. arenarum fertilization (Barbieri and Del Pino,
Rotary-Shadowing1975). Likewise, both stable and diffusible components
were shown to support fertilizability of Rana pipiens eggs All jelly samples (both mechanically dissected jelly layers and
column fractions) were added to an equal volume of glycerol and(Elinson, 1971). In a study of X. laevis eggs, fertilizability
sprayed onto the surface of freshly cleaved mica chips using anwas supported by solubilized whole egg jelly, but the diffus-
artist's airbrush (Tyler and Branton, 1979). Samples were then driedible material did not appear necessary for fertilization (Wolf
for 60 min under vacuum (1005 mbar) and rotary-shadowed in aand Hedrick, 1971).
Balzers 400D Freeze±Etch Unit at room temperature. Platinum wasThus, the importance of amphibian jelly macromolecules
applied at a 77 angle with a carbon backing applied at a 757 angle.
in preparing sperm for fertilization has been ®rmly estab- Replicas were ¯oated directly onto distilled water, allowed to wash
lished, but biochemical and structural data on these compo- for 1 hr, and then transferred through two rinses of water. Replicas
nents are meager. Yurewicz et al. (1975) reported that the were picked up on 300-mesh copper grids and viewed at 80 kV on
three jelly layers of X. laevis contain a total of nine macro- a Philips CM12S electron microscope. All micrographs have been
molecular components but none have been further charac- photographically reversed; thus platinum deposits appear white.
terized. In this study, we use SDS±PAGE,1 Sephacryl 500
chromatography and rotary-shadowing to characterize the
Mechanical Dissection of X. laevis Egg Coatsmacromolecules found in the stable matrix as well as those
which represent diffusible components. We ®nd that the The mechanical dissection procedure is a modi®cation of the
stable matrix is composed of high-molecular-weight ®brous procedure introduced by Freeman (1968). (A) Eggs were lifted away
from buffer using watchmaker's forceps. J3 was then grasped ®rmlyglycoconjugates, while the diffusible factors contain globu-
with a second pair of forceps and peeled away from the egg. Com-lar proteins ranging from 75 to 250 kDa in size.
plete removal of J3 resulted in a loss of egg stickiness, allowing the
egg to be easily released into buffer. (B) To remove J2, the egg was
placed on a glass slide in a small volume of buffer ( 100 ml) andMETHODS
pinned to the glass surface using two narrow-gauge syringe needles.
A small incision was made in J2 by pulling the needles in oppositeGamete Procurement directions, keeping them against the glass surface. With J2 pinned
to the surface by one needle, the J1-bound egg was pushed throughAdult X. laevis females were purchased from Nasco Biological
the incision at its opposite end. J2 remained attached to J1 at theSupply Co. (Fort Atkinson, WI) and raised on a 12-hr light/12-hr
point where it was pinned to the glass slide and was cut away usingdark cycle in recirculated, ®ltered 10% Holtfreter's solution. Fe-
a microscalpel. (C) J1 was not completely mechanically removedmales were injected with 900 IU human chorionic gonadotropin,
without causing damage to the egg, but was easily extracted inand eggs were collected 8±10 hours later by stripping them from
0.05% b-mercaptoethanol. All steps were performed under a dis-the female into F1 solution containing 41.25 mM NaCl, 1.25 mM
secting microscope.KCl, 0.25 mM CaCl2, 0.06 mM MgCl2, 0.5 mM Na2HPO4, 1.9 mM
Since J3 was mechanically removed without disturbing the otherNaOH, 2.5 mM Hepes, pH 7.8 (Hollinger and Corton, 1980).
layers, it was considered to be free of cross-contamination. In con-
trast, J2 binds more ®rmly to J1 and isolated J2 may be contami-
Quick-Freeze/Deep-Etch/Rotary-Shadowing nated with small amounts of J1. J1 was free of J2 and J3 but could
not be completely removed by mechanical dissection without a
Eggs were ®xed overnight at 47C in 2.5% glutaraldehyde in a small amount egg cytolysis. Therefore, we normally used 45 mM
buffer containing 34 mM s-collidine, 70 mM KCl, 15 mM NaCl,
b-mercaptoethanol to solubilize J1 after J2 removal.
1 Abbreviations used: CE, coelomic egg; DEP, dejellied egg pro- Electrophoresis of Mechanically Dissected
tein; ECM, extracellular matrix; J1, inner jelly layer; J2, middle Jelly Layers
jelly layer; J3, outer jelly layer; kDa, kilodaltons; QF/DE/RS, quick-
freeze, deep-etch, rotary-shadowing; PAS, periodic acid Shiff's; Aliquots of solubilized whole egg jelly (WEJ) or jelly layers were
added to equal volumes of sample buffer (pH 6.8) containing 125SDS±PAGE, sodium dodecyl sulfate±polyacrylamide gel electro-
phoresis; VE, vitelline envelope; WEJ, whole egg jelly. mM Tris 20% glycerol, 4% SDS, and 10% b-mercaptoethanol
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(Laemmli, 1970) and boiled 5 min. Unless noted otherwise, samples
were loaded onto 3±15% gradient, SDS±polyacrylamide gels cast
with 3% stacking gels. Protein was determined by the Coomassie
Plus standard protein assay (Pierce Chemical Co., Rockland, IL),
using bovine serum albumin as a standard. Gels were stained for
neutral carbohydrates using the PAS method (Doerner and White,
1990), for acidic carbohydrates using 0.5% Alcian blue in 3% acetic
acid (Lev and Spicer, 1964), and for protein using silver nitrate
(Morrisey, 1981). Apparent molecular weights were estimated using
protein standards having molecular masses of 400, 205, 116, 97.5,
66, and 45 kDa. We wish to emphasize that molecular weight desig-
nations of jelly macromolecules (especially above 400 kDa) are used
for identi®cation purposes only and not as an accurate indicator of
molecular mass.
Sephacryl 500 Chromatography
Whole jelly coats were separated by gel ®ltration chromatography
as described by Keller and Vacquier (1994) for separation of sea
urchin egg jelly. Dithiothreitol-solubilized WEJ containing 20 egg FIG. 1. Xenopus laevis egg jelly coats consist of an interconnected
coats/ml was added to an equal volume of a dissolution buffer ®brillogranular matrix. Electron micrograph showing the inner-
consisting of 1% SDS, 50 mM b-mercaptoethanol, 10 mM sodium most jelly network (J1). Network ®bers are decorated with numer-
sul®te, 50 mM EDTA, 20 mM Tris at pH 8.8, and boiled 15 min. ous globular components (arrowheads). The sample was prepared by
A 2-ml sample volume was loaded on a 1.5 1 90 cm column of quick-freezing, deep-etching, and rotary-shadowing, and the image
Sephacryl 500 (Sigma Chemical Co., St. Louis, MO) equilibrated was photographically reversed; platinum deposits appear white. Bar
with a buffer composed of 0.5% Zwitergent 3-10, 10 mM sodium  55 nm.
sul®te, and 20 mM Tris, pH 8.8, and eluted with equilibration
buffer at a ¯ow rate of 0.2 ml/min at 47C. Fractions of 2 ml were
collected and assayed by SDS±PAGE. Aliquots (80 ml) of column
fractions were added to an equal volume of 21 sample buffer, boiled of J1 and J2 but not in J3, and therefore are characteristic
5 min, and loaded onto either 7.5% linear or 3±15% gradient SDS± of the J1 and J2 layers (see Fig. 2A). In contrast, staining
polyacrylamide gels cast with 3% stacking gels. Gels were stained with PAS for neutral carbohydrates (Fig. 2B) reveals two
for carbohydrates and protein as above. PAS-staining bands that are characteristic of J3: a single
band at 700 kDa, and a triplet between 450 and 500 kDa.
J1 and J2 showed little or no PAS staining. These high-
RESULTS molecular-weight bands, which stain with either Alcian
blue or PAS, were not seen in extracts of dejellied eggs (DEP,
Xenopus egg jelly coats consist of three ultrastructurally Fig. 2A and 2B) or in extracts of the vitelline envelope (VE,
unique layers. In vivo, each layer appears to consist of a Fig. 2A and 2B) and are, therefore, characteristic of egg jelly.
®brillogranular network when visualized by quick-freezing, These high-molecular-weight bands also stained with silver
deep-etching, and rotary-shadowing (Fig. 1). These images nitrate, suggesting that they contain protein as well as sugar
suggest that the networks act as a scaffold or superstructure and thus are glycoproteins or glycoconjugates. Silver-
to which small globular proteins are selectively bound. Sup- stained gels (Fig. 2C) indicate the presence of lower-molecu-
port for this hypothesis is provided by SDS±PAGE analysis lar-weight proteins ( 400 kDa) none of which stain with
and rotary-shadowing of the high-molecular-weight glyco- Alcian blue or PAS (data not shown).
conjugates and low-molecular-weight proteins that com- High-molecular-weight glycoproteins were consis-
prise each jelly layer. tently seen in all whole egg jelly samples separated by
SDS±PAGE (note the dense staining in regions above 400
kDa in Fig. 2C). However, the major low-molecular-SDS±PAGE Analysis of X. laevis Egg Jelly
weight proteins (75±400 kDa) varied among samples pre-Layers Shows a Layer-Speci®c Distribution
pared from different egg clutches (compare Fig. 2C andof Jelly Macromolecules
Fig. 3) and to a smaller extent among coats of individual
eggs of the same clutch. This microheterogeneity was an-The jelly layers of freshly shed eggs were individually
dissected, dissolved in b-mercaptoethanol, and analyzed on alyzed by SDS±PAGE by loading half of the solubilized
jelly from a single egg onto each lane of a 3±15% gradienta 3±15% gradient, SDS±polyacrylamide gel. As shown in
Fig. 2A, Alcian blue, a dye that binds to acidic glycoproteins, gel (Fig. 3). Of six eggs from the same clutch, ®ve were
similar in their complement of major low-molecular-stained three high-molecular-weight bands in WEJ (Fig. 2A)
having apparent molecular masses of 900, 630, and 450 kDa. weight jelly proteins, but one egg showed almost a com-
plete lack of these proteins (lane 3). Some eggs (lanes 5These bands also appear in mechanically dissected samples
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mica surface with platinum/carbon. We attempted to main-
tain native structure by using jelly that had been dissected
without exposure to reducing agents. Under these condi-
tions, jelly appeared to consist of long, branched ®laments
covered with large patches of globular material (Fig. 4A).
These results are consistent with images of the intact jelly
layers visualized by QF/DE/RS in that both ®brous and glob-
ular components are present (Fig. 1). Individually dissected
jelly layers, solubilized in b-mercaptoethanol, also dis-
played both components. The major components of J1 ap-
peared as unbranched linear molecules with noticeably less
globular decoration than networks of intact or solubilized
whole jelly (Fig. 4B). In contrast, J2 displayed long parallel
®bers devoid of crosslinking but mortised with large
amounts of particulate material (Fig. 4C). J3 contained
branched ®brous molecules, variable in length and decor-
ated by single globular particles (Fig. 4D).
Sephacryl 500 Chromatography Separates High-
Molecular-Weight Glycoconjugates from Low-
Molecular-Weight Globular Proteins
Based on rotary-shadowing and electrophoretic analysis
of mechanically dissected jelly layers, we hypothesized that
the high-molecular-weight glycoconjugates (the Alcian
blue-staining components of J1 and J2, and the PAS-staining
components of J3) make up the ®brous networks seen in
vivo (Fig. 1) and in jelly fragments (Fig. 4A). To test this
hypothesis, egg jelly was boiled for 15 min in dissolution
buffer containing SDS and b-mercaptoethanol, applied to a
Sephacryl 500 column, and the fractions were analyzed by
SDS±PAGE and rotary-shadowing. The major Alcian blue-
staining glycoprotein (630 kDa) eluted ®rst in fractions 18±
FIG. 2. SDS±polyacrylamide gel analysis of mechanically dissected
X. laevis egg jelly layers. Each layer contains a unique distribution of
high-molecular-weight glycoconjugates and lower-molecular-weight
proteins. Whole egg jelly or mechanically separated egg jelly layers
(J1, J2, J3) were solubilized in b-mercaptoethanol as described under
Methods and applied to a 3±15% polyacrylamide gradient gel. (A)
Alcian blue-stained gel showing high-molecular-weight acid glyco-
conjugates; (B) PAS/Alcian blue-stained gel showing neutral and acid
glycoconjugates; (C) silver-stained gel showing high-molecular-weight
glycoconjugates and lower-molecular-weight proteins. Lanes (mg of
protein applied): DEP, dejellied egg protein (10 mg); WEJ, whole egg
jelly (3.5 mg); J3, outer jelly layer (3.75 mg); J1/J2, inner and middle
jelly layers (3.75 mg); J2, middle jelly layer, (4 mg); J1, inner jelly layer,
(6 mg); VE, vitelline envelopes (2 egg envelopes).
and 6) contained additional bands at 75 and 260 kDa (as-
terisks) that other jelly coats did not exhibit.
Mechanically Dissected Jelly Layers Consist
FIG. 3. X. laevis egg jelly coats exhibit protein variation betweenof Topologically Distinct Fibrous and
individual eggs. Eggs from a single clutch were independently dejel-Globular Macromolecules
lied in 0.05 DeBoer's solution containing 45 mM b-mercaptoetha-
To study the topology of egg jelly macromolecules, we nol and analyzed by SDS±PAGE (3±15% gradient gel). Each lane
contains jelly from a different egg (3.5 mg protein/lane).sprayed whole egg jelly onto mica and rotary-shadowed the
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drate. In contrast, the PAS-stained bands in lanes containing
fractions 24 and 26 (Fig. 5A) correspond to positively silver-
stained bands in Fig. 5B. The 115-kDa silver-stained doublet
was resolved on a 7.5% gel preceded by a 5-cm 4% stacking
gel (Fig. 5C). Note that the 115-kDa doublet (asterisk) corre-
sponds to intensely stained bands seen in the whole egg
jelly starting material (WEJ, Fig. 5C).
The starting material for Sephacryl 500 chromatography
(WEJ) and selected column fractions were visualized by ro-
tary-shadowing. WEJ boiled in reducing and denaturing
buffer consisted of candelabra-shaped macromolecules dis-
playing linear and globular components (Figs. 6A±6D). As
expected, the high-molecular-weight glycoconjugates (i.e.,
the 630-kDa Alcian blue-staining component in fractions
18 and 20, and the PAS-staining components in fractions
24±26) were visualized as large linear molecules devoid of
globular components (Figs. 6E and 6F). In contrast, the low-
molecular-weight proteins (i.e., the 115 kDa silver-staining
doublet) appeared smaller and spherical (Fig. 5G). These data
indicate that the low-molecular-weight proteins were sepa-
rated from the ®brous network glycoconjugates during chro-
matographic fractionation.
Diffusible Factors Include Low-Molecular-
Weight Proteins but Not High-Molecular-
Weight Glycoproteins
Although proteins which leak out of the jelly (so-calledFIG. 5. Sephacryl 500 chromatography of whole egg jelly. Whole
diffusible factors) have been implicated in sperm activity,egg jelly was boiled in dissolution buffer and applied to the Sepha-
none have been characterized by SDS±PAGE. To identifycryl column, and fractions were analyzed by SDS±PAGE (see Meth-
these proteins, freshly stripped eggs were washed twice andods). The major Alcian blue-staining component is found in frac-
allowed to incubate in fresh F1 for 4 hr at room temperature.tions 18±20, two major PAS-staining components are found in frac-
tions 24±26, and the major low-molecular-weight component (115 Small aliquots of jelly water were removed after 15, 30, 60,
kDa) is found in fractions 30±32. (A) Alcian blue/PAS-stained, 3± 120, and 240 min and analyzed by SDS±PAGE on a 5%
15% gradient gel. (B) Silver-stained, 3±15% gradient gel. (C) Alcian linear gel (Fig. 7). No high-molecular-weight glycoconju-
blue/PAS-stained, 4% stacking gel; silver-stained, 7.5% resolving gates were detected in the jelly water by Alcian blue or
gel. (Dashed line marks boundary between stacking and resolving PAS staining (Fig. 7A). Silver staining, however, detected
gels.) Lanes: WEJ, solubilized whole egg jelly (3.5 mg); 16±32, num-
increasing concentrations of 90, 115, 130, and 180 kDa pro-bered column fractions (40 ml each lane).
teins in the medium over the 4-hr incubation period. Inter-
estingly, the 90-kDa doublet and the 180-kDa band did not
appear until after 2 hr suggesting that different proteins21. Two major PAS-sensitive glycoproteins (700 and 450
may be released with different kinetics. In addition, somekDa) eluted in fractions 24±27, followed by the major low-
proteins may be proteolytically degraded as suggested bymolecular-weight, silver-staining component (115 kDa dou-
the decreased staining of the 130-kDa band at 4 hr. All jellyblet) which eluted in fractions 30±32. The Alcian blue-
water proteins showed corresponding silver-staining bandsstained band seen in lanes containing fractions 18 and 20
in whole egg jelly samples at Time 0, con®rming their jelly(Fig. 5A) corresponds to a negatively stained band in Fig.
5B, suggesting that this component may be largely carbohy- coat origin.
FIG. 4. Electron micrograph of rotary-shadowed macromolecules from whole egg jelly and from mechanically dissected egg jelly layers.
(A) Whole egg jelly, sprayed onto mica, consists of an extended ®brous network to which numerous aggregated globules are attached. (B)
Inner jelly layer (J1) consists of kinked but usually unbranched ®brous components. (C) Middle jelly layer (J2) consists of long ®bers
associated with a large amount of globular material. (D) Outer jelly layer (J3) contains branched ®brous components to which globules
are attached. All samples (except A) were dissolved in 45 mM b-mercaptoethanol before spraying in equal parts glycerol onto mica.
Magni®cation, 1100,000. Bar  150 nm.
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FIG. 6. Rotary-shadowed images of Sephacryl 500-fractionated egg jelly. Fractions depicted in Fig. 4 were sprayed in 50% glycerol onto mica
and shadowed with platinum/carbon. (A±D) The starting material: whole egg jelly coats solubilized in reducing and denaturing buffer for column
chromatography. The gallery of micrographs displays an array of branched curvelinear networks decorated with globular components. (E) The
major Alcian blue-staining band in fractions 18±20 consists exclusively of ®brous macromolecules. (F) The major PAS-staining bands in fractions
22±24 display primarily linear molecules. (G) The 115-kDa protein in fractions 32±34 is globular. (A±G) Magni®cation,1100,000. Bar  150 nm.
of total protein (Fig. 8A). In 5 experiments an average of 2.9Release of Diffusible Proteins Begins upon Contact
{ 0.9 mg of protein (out of a total of 8.7 { 2.2 mg) wasof the Egg with Aqueous Solutions and Continues
released from each jelly coat during the 4 hr period. Theat a Decreasing Rate for Several Hours
initial 5-min wash contained 30% of the protein released,
In order to measure protein release into the medium more another 40% was released between 5 and 30 min and the
remaining 30% was released between 1 and 4 hr. If data areaccurately, freshly stripped eggs were immersed immedi-
converted to rate of protein ef¯ux (Fig. 8A), then it can beately in F1 solution and incubated for 5 min. Jelly water
seen that the rate declines exponentially but is still measur-was then carefully decanted and replaced with an equivalent
able at the end of 4 hr. At least 15 proteins were present involume of fresh F1 at each 5 min interval for 30 min and
the initial wash with subsequent release showing majoragain at 1, 2, and 4 hr. Egg washes were analyzed by SDS±
PAGE on a 5±15% gradient gel (not shown) and by assay bands at 90, 115, and 180 kDa. No high-molecular-weight
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components were detected by Alcian blue or PAS staining
in any of the washes. Furthermore, all jelly proteins passing
into the medium during the 4-hr period appear to be globu-
lar as indicated by rotary-shadowing (arrowheads, Fig. 8B).
Diffusible Proteins Are Released from Inner and
Outer Jelly Layers
SDS±PAGE analysis of mechanically dissected jelly
coats was used to compare the protein composition of
jelly layers of freshly stripped and washed eggs (0 time)
with those of eggs incubated for 5 hr in F1 medium. Vary-
ing degrees of protein loss from intact egg jelly coats were
FIG. 8. Release of diffusible proteins from X. laevis egg jelly coats
begins upon contact with aqueous solutions and continues at a
decreasing rate for several hours. (A) The rate of protein release
from jelly coats into aqueous medium. Two hundred freshly
stripped eggs were collected in a plastic petri dish containing 10
ml F1 solution and allowed to stand at room temperature for 5
min. The jelly water was carefully decanted and replaced with fresh
F1 at 5-min intervals for 30 min and again at 60, 120, and 240 min.
Equal aliquots of medium from each wash were assayed for protein.
The histogram represents mean and standard deviation for ®ve ex-
periments. (B) Medium exposed to eggs for 4 hr was sprayed onto
mica chips and rotary-shadowed with platinum/carbon. Diffusible
factors appear as globular proteins on the mica surface (arrowheads).
Bar  50 nm.
detected at 90, 100, 115, 130, 180, 240, and 260 kDa (Fig.
9). SDS±PAGE analysis of the outer J3 and inner J1/J2
layers at these time points revealed pronounced loss of
the 90-, 100-, 115-, and 180-kDa bands from J3 and notice-
able loss of 115-, 240-, and 260-kDa bands from J1/J2.FIG. 7. Diffusible jelly components include low-molecular-
Although SDS±PAGE indicates that speci®c proteins areweight proteins but not high-molecular-weight glycoconjugates.
lost from both J3 and J1/J2, quantitatively most of theDiffusion of X. laevis jelly coat proteins into the surrounding
medium was monitored and analyzed by SDS±PAGE (5% resolv- loss occurred from J3. Of the total J3 protein (4 mg/egg),
ing gel). Approximately 250±300 freshly stripped eggs were col- 20% was lost over the course of 5 hr. In comparison, of
lected in a plastic petri dish containing F1 solution and immedi- total J1/J2 protein (4 mg/egg), only 5% was lost over the
ately washed two times in F1. The eggs were then transferred same time period.
to 10 ml of fresh F1 and allowed to incubate for 4 hr at room
temperature. Aliquots of medium (100 ml) were removed after
15, 30, 60, 120, and 240 min, diluted with sample buffer, and DISCUSSIONelectrophoretically analyzed. Gels were stained either with Al-
cian blue/PAS or with silver nitrate. Lanes: WEJ, whole egg jelly
The eggs of most animals including echinoderms, am-coats extracted in F1 containing 45 mM b-mercaptoethanol at
phibians, and mammals are surrounded by an extracellularTime 0. Lanes containing medium samples are labeled by time
of collection. matrix which is intimately involved in the early events of
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of organization. All the layers contain elongated and fre-
quently branched polymers which are associated with glob-
ular components.
Second, we have shown that the jelly superstructure con-
sists of a minimum of ®ve distinct high-molecular-weight
macromolecules: three acidic, Alcian blue-staining glyco-
conjugates, having apparent molecular weights of 450, 630,
and 900 kDa and two neutral, PAS-positive glycoproteins,
having apparent molecular weights of 450 and 700 kDa.
When jelly components were chromatographically sepa-
rated and visualized by rotary-shadowing, these high-molec-
ular-weight glycoconjugates appeared as large ®brillar mole-
cules which had been stripped of globular attachments.
From these observations we conclude that the jelly network
®bers are constructed from these components. SDS±PAGE
analysis of whole egg jelly coats and mechanically dissected
jelly layers showed that the glycoconjugates are uniquely
associated with different jelly coat layers. Macromolecules
with similar charge/mass ratios, common to J1 and J3, ap-
FIG. 9. Diffusible proteins are released from both outer (J3) and pear between 450 and 500 kDa in polyacrylamide gels; how-
inner (J1/J2) jelly layers as determined by SDS±PAGE (3±15% gra- ever, their staining properties differ dramatically. Macro-
dient gel). Freshly stripped eggs were collected in F1 solution and molecules of J1, between 450 and 500 kDa, appear as aimmediately washed two times in fresh F1 at room temperature.
single, broad, Alcian blue-staining band, indicating the pres-Ten eggs were dejellied in 1 ml of F1 containing 45 mM b-mercapto-
ence of a large acidic polysaccharide moiety. In contrast,ethanol (b-ME/F1) (whole egg jelly, Time 0). J3 was mechanically
macromolecules of J3, between 450 and 500 kDa, appear asremoved from 10 eggs and solubilized in 1 ml of b-ME/F1 (J3, Time
a PAS-positive triplet, indicating the presence of neutral0). The remaining jelly from J3-removed eggs was extracted in 1
ml b-ME/F1 (J1 and 2, Time 0). Aliquots of jelly solutions were carbohydrates. Cytochemical observations of live and glu-
immediately diluted in equal parts 21 sample and stored at 47C taraldehyde-®xed eggs show an overall Alcian blue staining
for electrophoresis. Five-hour jelly solutions were prepared using of J1 and J2 but not of J3. In fact, the most intense Alcian
the same procedure after allowing eggs to stand in F1 at room blue staining appears as a double-layered ``railroad track''
temperature for 5 hr (WEJ, 5 hr; J3, 5 hr; J1 and 2, 5 hr). Each gel pattern at the J1/J2 and J2/J3 boundaries (data not shown).
lane was loaded with a sample containing jelly from approximately Third, our data clearly demonstrate the presence of low-one half jelly coat. Lanes (mg protein): (WEJ) whole egg jelly, Time
molecular-weight globular proteins associated with the jelly0 (4.4 mg) and 5 hr (3.5 mg); (J3) outer jelly layer, Time 0 (2 mg) and
matrix described above. Some of these proteins are tightly5 hr (1.6 mg); (J1 and 2) inner and middle jelly layer, Time 0 (2 mg)
bound to the matrix, and like the matrix glycoconjugates areand 5 hr (1.9 mg).
never released into the medium. However, other globular
proteins, comprising up to 30% of the total jelly protein, are
free to diffuse into the surrounding medium. SDS±PAGE
analysis of such diffusible jelly components in X. laevisfertilization. The jelly coat is an important component of
this matrix in eggs which undergo external fertilization and demonstrates that some of these proteins (e.g., the 115-kDa
protein) are released immediately upon exposure of jelliedthere is growing evidence that egg jelly from a variety of
species is similar in its biochemical and structural organiza- eggs to aqueous media, while others (e.g., the 100 kDa pro-
tein) are released more slowly (Fig. 7). Although most diffus-tion. Based on recent studies of sea urchin egg jelly coats
(Bonnell et al., 1994a), we have proposed a model which ible proteins appear to originate from the outermost jelly
layer, J3 (Fig. 9), it is clear that some proteins are also re-describes this organization: a carbohydrate-rich ®ber matrix
that acts as a scaffold to which low-molecular-weight pro- leased from the inner jelly layers (J1 and J2). Quantitative
analysis shows that about 10% of the total egg jelly proteinteins are bound. Some of these proteins are capable of being
released from the matrix and in some species may regulate (0.9 mg of 9 mg total/egg coat) appears in the medium within
5 min with an additional 20% being released during thesperm activity. The ultrastructural and biochemical data
described in this report suggest that jelly coats of anuran next four hours.
Therefore, in Table 1, we have designated major jelly pro-amphibians conform to this model.
First, we have shown that X. laevis jelly coats when visu- teins as either diffusible or stable depending on whether
they appeared in the surrounding medium between 5 minalized by the quick-freeze/deep-etch/rotary-shadowing (QF/
DE/RS) technique consist of ®brous networks to which are and 4 hr after egg immersion in F1 buffer. The total number
of bands, both stable and diffusible, are greater than thebound numerous globular decorations (Fig. 1. and Bonnell
and Chandler, 1993). Rotary-shadowing of macromolecules nine bands found by Yurewicz et al. (1975). This is probably
due to the fact that we used more sensitive staining tech-from speci®c layers provides further evidence for this type
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TABLE 1 laevis egg jelly has yet to be determined. One study reported
SDS±Polyacrylamide Gel Electrophoresis that a J3 component was capable of increasing the ability
of Jelly Coat Components of sperm to fertilize dejellied eggs (Oliphant et al., 1970),
although the nature of the component was not determined.
Stable components A subsequent study concluded that diffusible jelly compo-
Diffusible components
nents do not increase the ability of sperm to fertilize dejel-Alcian blue/ Silver
lied X. laevis eggs (Wolf and Hedrick, 1971); this conclusionsilver PAS/silver only Silver only
was based on the observation that loss of ¯uorescamine-
J1/J2 900 kDaa J3 700 kDab 260 kDa 180 kDa reactive peptides over a 60-min period did not correlate with
J1/J2 630 kDa J3 450 kDa 240 kDa 130 kDa loss of egg fertilizability. However, this conclusion would
J1/J2 450 kDa 100 kDa 115 kDa seem to be contradicted by observations in the same study
75 kDa 90 kDa
indicating that the fertilizability of jellyless eggs is mark-
edly increased in the presence of jellied eggs. Furthermore,Note. Summary of SDS±PAGE analysis from Figs. 2, 7, and 9.
Only the prominent staining bands have been included. High-mo- Roberts and Gerhart developed a method to fertilize jel-
lecular-weight carbohydrate staining components were found to be lyless Xenopus eggs using ``jelly water,'' a method described
stable for at least 16 hr at room temperature. Diffusible proteins by Heasman et al. (1991) and used by Kloc et al. (1989).
are those actually released into the medium as detected by SDS± Jelly water capable of supporting fertilization was obtained
PAGE. Some bands (75, 100, 240, 260 kDa) found in decreased by washing freshly oviposited eggs for a period during which
amounts within the jelly after incubation are listed as stable be- there is maximal release of diffusible proteins as demon-
cause they were not detected in the incubation medium.
strated in this study. Taken together, these results suggesta J1/J2: Alcian blue-staining bands in gel lanes containing J1 and/
that the obligatory jelly components for fertilization mayor J2.
be either a diffusible component or a combination of bothb J3: PAS-staining bands in gel lanes containing J3.
matrix (i.e., stable) and diffusible components. One alterna-
tive hypothesis for the speci®c function of jelly coat glyco-
proteins has been suggested for B. japonicus (Katagiri, 1987).
Katagiri proposed that glycoproteins in the jelly serve toniques (silver vs Coomassie blue) and that we were aware
that some jelly components can be removed by washing. bind calcium and magnesium ions which are necessary for
the induction of the sperm acrosome reaction. However,Although we believe that our bands include most or all of
those observed by Yurewicz et al. (1975) a band-to-band this hypothesis has not been experimentally tested in Xeno-
pus and other amphibian species.correlation would be speculative, since Yurewicz et al. used
a different gel system (linear agarose vs gradient polyacryl- De®nitive identi®cation of the jelly components required
for sperm function in X. laevis now appears to be feasibleamide) and different staining protocols and did not identify
bands by apparent molecular weight. One difference is that utilizing the separation techniques developed in this study
combined with an assay for activities that restore the fertili-we found no detectable PAS-staining bands in J1 and J2,
while Yurewicz et al. found three PAS-staining bands in zability of jellyless eggs. It is possible that such an activity
will be dependent on its structural context within the jellythese layers. The reason for this discrepancy is not clear.
Studies in a number of amphibian species suggest that coat and, thus, require a combination of biochemical and
ultrastructural approaches to elucidate its function.diffusible factors that are released from egg jelly play a role
in fertilization. Two hypotheses have been proposed: (1)
Diffusible factors may have a direct effect on sperm and
increase their ability to penetrate the egg surface by one or ACKNOWLEDGMENTS
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